Introduction
Cervical vagus nerve stimulation (cVNS), initiated 30 min after middle cerebral artery occlusion (MCAO), reduces infarct volume by up to 50% in rats [1, 2] . The effect of cVNS on tissue outcome is associated with significant and persistent improvement in functional outcome [3] . Although cVNS is effective in experimental models of cerebral ischemia, the procedure itself is not feasible in the setting of acute human stroke as it requires surgical incision of the neck and implantation of stimulation electrodes and a pulse generator. A simple and non-invasive means of stimulation is needed to develop vagus nerve stimulation as a viable treatment for acute human stroke.
While the vagus nerve is primarily a viscero-motor and viscero-sensory nerve, it has also somatic-sensory function where it conducts sensation from the larynx, pharynx, external auditory canal, external surface of the tympanic membrane, and the meninges of the posterior cranial fossa [4] . It has been suggested that stimulation of the dermatome corresponding to the auricular branch of the vagus nerve (Arnold's nerve) in the external ear may be a non-invasive alternative to cVNS ( Fig. 1 ) [5] [6] [7] [8] . This is the region where the familiar "ear-cough reflex" can be elicited upon cutaneous stimulation and the dermatome is quite similar between rats and humans [9, 10] . Stimulation of this region in the ear provides seizure control in animals and induces antinociceptive effects, similar to cVNS, in humans [9, 11, 12] . In the present study, we sought to determine whether auricular vagus nerve stimulation (aVNS) activated the same vagal nuclei activated by the gold standard cVNS and whether this was associated with a reduction in infarct volume and improvement in functional outcomes in a model of MCAO in rats.
Material and methods

1-The effect of aVNS on infarct size
Thirty four adult male Wistar rats (350-400 g, 10-13 weeks of age, Charles River Laboratories, Wilmington, MA) were used. All studies were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and the regulations of the Massachusetts General Hospital. Physiological monitoring, ischemia surgery, and neurological assessment were performed as previously reported [2] . In brief, animals were anesthetized by isoflurane (4-5% for induction, 1-2% for maintenance in 30% oxygen and 70% nitrous oxide) and rectal temperature was maintained at 37 °C to 37.5 °C using a homeothermic pad. As an indirect measure of brain temperature, the left temporalis muscle temperature was measured continuously throughout the study using a T-type implantable thermocouple probe and kept constant at 37 °C to 37.5 °C using an incandescent lamp. A PE-50 cathether was inserted into the right femoral artery to monitor arterial blood pressure (ABP), heart rate (HR), blood gases, and pH. A burr hole was drilled 5 mm right lateral and 1 mm posterior to bregma and the laser Doppler flowmeter probe was placed above the dura to continuously record regional cerebral blood flow (rCBF) starting from prior to the onset of ischemia until early after reperfusion (Blood Flow Meter, ADInstruments, Colorado Springs, CO) [13] [14] [15] . Transient right MCAO was induced by an intraarterial filament (diameter: 0.39 ± 0.02 mm; Doccol Corporation, Redlands, CA) and lasted for 2 hours [1, 16] .
Animals were randomly assigned to aVNS treatment (n=15) or control group (n=16) by computer generated algorithm. aVNS was performed using two acupuncture needles (38 gauge, stainless steel with silver handle; Cloud Dragon, China) connected to a Grass Model S48 stimulator and constant current unit (Grass Instruments, West Warwick, RI). The needles were inserted 0.5-1 mm under the skin over the left cavum concha 15 min after MCAO (Fig 1) . A 30 sec train of stimulation consisting of 0.5 msec square pulses (0.5 mA) delivered at 20 Hz was initiated 30 min after MCAO. Stimulation was repeated at every 5 min for one hour [1, 17] . All the procedures including electrode implantation were replicated in the control animals except delivery of electrical stimulation.
At the end of the ischemic period, the intraarterial filament was removed and reperfusion was instituted. All catheters and electrodes were removed, and incisions were sutured 20 min after reperfusion. Bupivacaine (0.25%; topical) and buprenorphine HCl (0.05 mg/kg; sc) was given to ameliorate surgical pain, and animals were allowed to awaken from anesthesia. Functional outcome was assessed using a five-point scale that measures forelimb flexion, resistance, and circling behavior at 3 hours and 24 hours after ischemia [16, 18] . Animals were euthanized by CO 2 inhalation 24 hours after ischemia. The brain was removed and the cerebrum was sliced into seven 2 mm-thick coronal sections. After incubation with 2,3,5-triphenyltetrazolium chloride (TTC; 2%, 30 min at room temperature) followed by 10% formalin (48 hours at 4 °C), digital images of the sections were acquired. Areas of interest (infarct area, ipsilateral non-infarct area, and contralateral hemispheric area) were manually outlined in a blinded fashion, using Image J (NIH). Infarct volume of each brain was determined using both direct and indirect methods. For this, the infarct area (direct method) or the corrected infarct area (contralateral hemispheric area minus ipsilateral non-infarct area; indirect method) was multiplied by slice thickness and the volume was expressed as a percentage of the contralateral hemispheric volume.
2-Brain regions activated by aVNS
We performed c-Fos immunohistochemistry in order to identify the brain regions activated after the stimulation in a separate set of animals (n=12). We used the same ischemiastimulation protocol outlined before. There were 4 experimental groups: 1) aVNS group (n=3): 1 hour electrical stimulation of the cavum concha was performed, 2) control group (n=3): electrodes were implanted into the cavum concha but no stimulus was delivered, 3) cVNS group (n=3): self-constructed stimulation electrodes were implanted into the right cervical vagus nerve and 1 hour electrical stimulation was performed (positive control), 4) trigeminal nerve stimulation group (n=3): the acupuncture electrodes were implanted into the left lower side of the mouth and 1 hour electrical stimulation was performed (negative control). In this experiment, animals were euthanized and transcardially perfused with 4% formaldehyde in phosphate buffered saline (pH 7.4) 30minutes after the end of the electrical stimulation or 2 hours after MCAO (in contrast to 24 hours after MCAO in the prior experiment). The brains were removed and cryoprotected in 30% sucrose at 4 °C for 3 days. Using a cryostat, 30 μm-thick coronal sections with a 500 μm interslice gap in the brainstem and cerebellum and 1500 μm gap in the cerebrum were obtained. Sections were stored in cryoprotectant solution at −20 °C. After quenching endogenous peroxidase activity with 0.3% H 2 O 2 (30 min at room temperature) and blocking with 3% normal horse serum in 0.25% Triton X-100 (2 hours at room temperature), free floating sections were incubated with polyclonal anti-cFos antibody (Ab-5; 1:30 000; Calbiochem, San Diego, CA) for 72 hours at 4°C [19] . This was followed by incubation in biotinylated horse anti-rabbit IgG (1:200; 2 hours at room temperature; Vector Laboratories, Burlingame, CA). The reaction product was amplified by Vectastain Elite ABC Kit (Vector) and visualized by DAB substrate kit (Vector). Sections were then mounted on slides, counterstained with hematoxylin, and inspected using a microscope (Nikon Eclipse 50i, Kodak Scientific Imaging System, New Haven, CT). Digital images were acquired using a camera (SPOT 7.4 Slider RTKE, Diagnostic Instruments, Sterling Heights, MI) connected to a computer. The anatomical structure of tissue sections were identified cytoarchitecturally using The Rat Brain Stereotaxic Coordinates [20] . Primary regions of interest included the central projections of the vagus nerve including the nucleus tractus solitarius, the locus coeruleus, and the cerebral cortex. Number of c-Fos positive cells in the nuclei tractus solitarii and the loci coerulei were counted from three consecutive sections and averaged for each animal blindly to the treatment groups, as published before [19] .
Sample size and data analysis-We estimated that n=14 in each group needed to detect 25% difference in infarct size at α=0.05 and power of 90%. The exclusion criteria were <60% decrease in baseline laser Doppler signal upon MCAO, intracranial bleeding and infarction limited to the striatum. Continuous data were expressed as mean ± SD. Noncontinuous data were expressed as median ± interquartile range (IQR). ABP, HR, arterial blood gases and pH, and temperature were analyzed by repeated measures ANOVA, and when needed, by the Student-Newman-Keuls test. Infarct volumes were compared using an unpaired t-test. Neurological scores were compared using repeated measures ANOVA, and when needed, by the Mann-Whitney U test. Cell counts were analyzed using one-way ANOVA, and when needed, by the Student-Newman-Keuls test. Differences with p <0.05 were considered statistically significant.
Results
1-The effect of aVNS on infarct size
Three animals were excluded and replaced because MCAO did not induce ≥ 60% decrease in baseline rCBF. One animal in the treatment and two animals in the control group that died prematurely were replaced with additional animals to achieve the calculated sample size. Our mortality rate of 10% was comparable to the reported rates in other studies using the same model [21] [22] [23] . There was no difference in body temperature, brain temperature, and arterial blood gases and pH between control and treatment groups. There was no effect of aVNS on blood pressure and heart rate ( Table 1) . MCAO caused 68% decrease in laser Doppler signal on average and this was fully reversed by reperfusion ( Fig. 2A) . aVNS slightly increased rCBF starting 50 min after the onset of stimulation but this effect did not reach a statistical significance (repeated measures ANOVA: F(1,26) = 3.313, p=0.080). There were no concurrent changes in ABP ( Fig. 2B; Transient occlusion of the right MCA resulted in a visible infarct in the cerebral cortex and the underlying striatum in all animals (Fig. 3A-B) . The mean indirect infarct volume and SD was 44.20 ± 7.58% in the control animals and 31.65 ± 9.67% in aVNS-treated animals (unpaired t-test: t=2.059, p<0.0001; Fig. 3C ). The mean direct infarct volume and SD was 47.00 ± 8.62% in the control animals and 33.14 ± 13.04% in aVNS-treated animals (unpaired t-test: t=3.317, p<0.005). aVNS-treated animals had better neurological scores 24 hours after ischemia compared to control animals (Fig. 3D) . The median neurological score was 3.0 ± 0.5 at 3 hours and 3.0 ± 0.0 at 24 hours after ischemia in the control group. The corresponding scores in aVNS-treated animals were 3.0 ± 0.5 and 2.0 ± 0.5, respectively. The difference was significant at 24 hours (repeated measures ANOVA: F(1,26)=43.105, p<0.0001; Mann-Whitney U test: p<0.0001).
2-Brain regions activated by aVNS
In all animals (sham, aVNS, cVNS, and trigeminal nerve stimulation), c-Fos staining was positive in the cingulate (Fig. 4A) , fronto-parietal, and piriform cortices ipsilateral to the MCAO (not shown). Stimulation of the vagus nerve dermatome in the external ear resulted in bilateral c-Fos staining in the nuclei tractus solitarii (Fig. 4B) and loci coerulei in all animals. Additionally, there was c-Fos staining in the facial nucleus and the lateral reticular nucleus in one animal each. In cVNS-treated animals, there was stronger c-Fos staining in the nuclei tractus solitarii (Fig. 4C ) and loci coerulei as compared to aVNS but this difference was not statistically significant. In contrast, trigeminal nerve stimulation did not result in c-Fos staining in the nucleus tractus solitarius (Fig. 4D) or locus coeruleus. The number of c-Fos positive cells in the ipsilateral and contralateral nuclei tractus solitarii were as follows, respectively: aVNS group 24.7 ± 16.7 and 20.2 ± 8.2; cVNS group 33.5 ± 8.2 and 31.5 ± 6.1; control group 0.8 ± 1.0 and 0.9 ± 0.7; trigeminal nerve stimulation group 2.0 ± 0.8 and 0.5 ± 0.6. The number of c-Fos positive cells in the ipsilateral and contralateral loci coerulei were as follows, respectively: aVNS group 10.0 ± 4.5 and 8.7 ± 4.9; cVNS group 18.7 ± 7.4 and 16.5 ± 9.1; control group 1.2 ± 1.2 and 1.0 ± 2.0; trigeminal nerve stimulation group 2.4 ± 0.8 and 1.4± 1.2. The number of c-Fos positive cells in aVNS and cVNS groups were significantly different from control and trigeminal nerve stimulation groups in both nuclei tractus solitarii and loci coerulei (p<0.05 vs. control and trigeminal nerve stimulation groups).
Discussion
Electrical stimulation of afferent vagus nerve fibers in the neck is a safe, FDA-approved treatment for refractory partial onset seizures and treatment-resistant depression. We have previously shown that direct stimulation of the vagus nerve in the neck reduces infarct volume by about 50% in rats [1] . However, the exact mechanism underlying cVNS-induced neuroprotection in acute cerebral ischemia is not known. It has been suggested that cVNS modulates cerebral blood flow, decreases neuronal excitability, and inhibits inflammation in animal models of epilepsy, traumatic brain injury as well as in healthy animals [24] [25] [26] . In this report, we build on the prior evidence by showing that a brief period of transcutaneous stimulation corresponding to the dermatome of the vagus nerve in the external ear initiated 30 min after contralateral transient MCAO reduces infarct volume by 28% in rats and leads to an improvement in neurological outcome that is sustained at 24 hours. We also show that afferent impulses from the external ear can reach to the brainstem and activate the nuclei (nucleus tractus solitarius and locus coeruleus) that mediate antiepileptic and antidepressive effects of cVNS [19, 27] , suggesting that aVNS-induced ischemic protection shares similar central patways to that of the gold standard cVNS.
The vagus nerve primarily provides parasympathetic innervation to the viscera. The only somatic sensory innervation for any branch of the vagus nerve is the external ear. Afferent nerve fibers from the cymba concha, cavum concha, antihelix, posterior aspect of the external auditory meatus, and the back of the ear travel with the auricular branch of the vagus nerve, reach the superior ganglion, and then terminate in the spinal trigeminal nucleus and to a lesser extent in the nucleus tractus solitarius [4, [28] [29] [30] . In contrast to somatic sensory fibers, visceral sensory fibers (fibers that are typically activated during cVNS) synapse in the inferior ganglion, and their central processes enter the medulla to terminate mostly in the nucleus tractus solitarius and the dorsal motor nucleus of vagus, and, to a lesser extent, in the spinal trigeminal nucleus [31] . The nucleus tractus solitarius is the key relay nucleus that receives afferent vagal information and projects it to several subcortical structures including the locus coeruleus [32] and the thalamus [33] , which, in turn, project to the cerebral cortex [34] . The present study shows that electrical stimulation of the vagus nerve dermatome in the external ear activates the central vagal pathway that projects from the nucleus tractus solitarius. This finding is in line with prior reports showing that aVNS causes reproducible vagus sensory evoked potentials from scalp and brain activation patterns in fMRI similar to cVNS activation in the nucleus tractus solitarius by aVNS in healthy volunteers [5, 6] . c-Fos is a commonly used surrogate marker for neuronal activation [35] . Under quiescent conditions there is little or no c-Fos expression in the brain [36] . Focal cerebral ischemia is a strong activator of c-Fos expression in areas surrounding the ischemia [37] . Accordingly, in this study we showed c-Fos staining in the ipsilateral fronto-parietal, cingulate, and piriform cortices after MCA occlusion. In addition, we also showed c-Fos staining in the nuclei tractus solitarii and loci coerulei in ischemic animals after aVNS and cVNS but not after trigeminal nerve stimulation. This is in line with prior studies of cVNS in healthy animals reporting c-Fos staining bilateraly in the nuclei tractus solitarii and loci coerulei, but not in the cerebral cortices [19] . These findings support the conclusion that aVNS is able to specifically activate those brain regions that are activated by cVNS.
Although aVNS caused significant reduction in infarct volume, the effect size was smaller than that reported for cVNS (28% vs. 50%). This could be, in part, due to weaker activation of central vagal pathways by aVNS as compared to cVNS, as suggested by less intense cFos staining in the nuclei tractus solitarii of aVNS-treated animals. It is also possible that individual differences in sensory innervation of the cavum concha have contributed to the observed variance in effect size. Even though cavum concha has been reported to be the most efficient site in rat ear to induce autonomic nervous system changes [38] , the innervation of the external ear shows significant variability [28] . We found that, in contrast to stimulation of the vagus nerve dermatome, stimulation of the dermatome innervated by the trigeminal nerve did not lead to typical activation pattern (i.e., c-Fos staining) in the nucleus tractus solitarius and locus coeruleus. Trigeminal nerve innervates the vast majority of the external ear including the regions that immediately surround the vagus nerve dermatome [28, 30] . This highlights the importance of precise localization of the vagus nerve dermatome for a consistent response to electrical stimulation.
The present study has some limitations. We tested the effect of aVNS in healthy rats, in a single experimental model, and only up to 24 hours after ischemia. Studies using animals with comorbid conditions, utilizing other experimental stroke models (including but not limited to thromboembolic occlusion and distal MCA occlusion), and testing beyond 24 hours are warranted to evaluate the clinical potential of aVNS in stroke. Also, we used the same stimulation parameters used for cVNS in this study. Optimal stimulation parameters for aVNS may differ from those for cVNS. Future studies could maximize the therapeutic effect by varying stimulation parameters. In addition, it is important to note that although the expression of c-Fos is a valuable marker of neuronal activation, it may underestimate the effect as some neurons fail to express the gene or may not express it at detectable levels [39] . Alternative activation markers and combined use of stereological methods could better elucidate the neuroanatomic changes elicited by aVNS.
Conclusions
Although a number of neuroprotective pharmaceuticals with extensive theoretical appeal for the treatment of acute stroke have been developed, the vast majority of exogenously administered treatments or interventions tested to date for stroke have been either unfeasible, ineffective, or associated with harm. Such exogenous compounds attempt to circumvent or override the intrinsic neuroprotective system of the brain. Their ability to reach desired concentrations within the ischemic tissue is limited. Here, we describe a novel approach to leverage the brain's own intrinsic systems that render the brain more tolerant to ischemia. The significance of our finding is that, if verified in different experimental settings (i.e., different ischemia models, extended time frames, animals with comorbid conditions), it has potential to facilitate the development of innovative treatment paradigms focusing on external stimulation of the nervous system structures that diffusely connect to vascular and/or neural tissue and provide neuroprotection. If proven safe and effective, such methods could avoid missed opportunities to reduce ischemic brain injury as they can be easily applied as an adjunctive treatment, even in the ambulance.
NCCAM (P01-AT002048, R01-AT007550) and NIDDK (R21-DK097499 aVNS has no statistically significant effect on physiological parameters. However, there was a trend toward an increase in rCBF (A) without any observable effect on mean ABP (MABP) (B) during the experimental period. 
